There is a considerable interest in producing and understanding the optical and spectroscopic properties of ordered nanoparticle assemblies. Herein, we describe and interpret the optical absorbance and Raman properties of 5.9 nm ± 0.3 nm diameter silver nanocrystals coated with dodecanethiol and organized in highly ordered 3D superlattices of different heights. Each superlattice was studied individually, which allowed to elaborate a model based on Maxwell-Garnett theory to reproduce qualitatively the height and wavelength dependence of the absorbance. Importantly, because of their small size compared to that of traditional nanoparticles used in Surface Enhanced Raman Spectroscopy (SERS), the large 3D distribution of hot spots generated by the silver superlattices allowed to easily obtain SERS spectra of the surrounding ligands despite their intrinsic low Raman cross section. Accordingly, traces of thiophenol could be detected very easily.
Introduction
Optical properties of nanoobjects are still under considerable focus because of their many potential applications. For example, these nanoobjects allow making photonic crystals, optical waveguides or light havesting devices among others [1, 2] . In this field there is an even stronger attention paid to plasmonic systems for which the electric field can induce collective oscillations in the metallic structures [3] [4] [5] [6] . The main Nano Res. 2015, 8(5) : 1615-1626 metals used for plasmonic applications are silver because of its well-defined and intense plasmon peak and gold because of its chemical stability and biocompatibility. When quantifying the behavior, a crucial parameter is the frequency dependence of the dielectric constant  of both the metal and the surrounding environment. Minute changes in  can be tracked, which allowed ultrasensitive biosensing for example using the Biacore system [7, 8] . While this commercial system remains on a longitudinal plasmon excitation in a continuous nanometer thick gold film, other systems are based on nanoparticles (NPs). In this approach, it is well established that NPs size, size distribution and shape are crucial with respect to their optical absorption [9] . For example, rods display absorption at two specific wavelengths (transverse and longitudinal) while spheres display a single maximum [10, 11] . Therefore, there are several strategies for optimizing the optical responses of NPs assemblies. The first one remains on electron lithography, which presents the great advantage of reproducibility [12] [13] [14] [15] [16] . Nevertheless, it is difficult to achieve resolutions of less than 10 nm with this method and it is quite expensive. Very reproducible systems on a large area are produced by nanosphere lithography followed by gold (electro)deposition but these present up to now rather low density of hot spots [17, 18] . In order to obtain smaller objects, chemical synthesis of NPs has become very popular and many different methods are reported [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
In addition to plasmonic detection, silver and gold nanostructures can be used in surface enhanced Raman spectroscopy (SERS). Indeed, in the vicinity of a nanometric constriction, the electric field is modified and can be considerably amplified [3] . This property finds a great application to compensate the intrinsic low Raman cross section of molecular systems. Presently, the ultimate sensitivity of SERS is imposing this method as a mean to get fine molecular details about the surface structure and reactivity of molecular adsorbates [18, 30] . The amplification of the electric field is even higher in the gap between two or more NPs, the so-called "hot spot", so that single-molecule sensitivity is obtainable [5, 31] . Thus, dimers, trimers or more complicated structures have also been elaborated for SERS purposes [32] . In the same trend, in order to increase the density of hot spots, AlvarezPuebla et al. produced forests of nanorods [33, 34] .
Another strategy proposed by Tian's group at Xiamen University was to trigger the SERS on an initially inactive surface by spreading SHell Isolated Nanoparticules Enhanced Raman Scattering (SHINERS) made by encapsulating a SERS active gold nanoparticle in an insulating very thin layer of silica [35] . However, the NPs SERS-based method suffer from the random position of the hot spots on the surface. Moreover, the Raman signal is usually not representative of the majority of the molecules, but only of the ones present in the hot spot environment. As a consequence, the global sensitivity of SERS remains also limited.
In this framework of intense activity about optical and spectroscopic properties of NPs, we report herein unique properties of silver supracrystals, i.e. highly ordered 3D superlattices made of silver nanocrystals (NCs). Previously, for 3D assemblies, optical measurements were made on collections of supracrystal assemblies, which complicated the analysis particularly since the substrate contribution and individual properties depend on the supracrystal height h supra [36] . Apart from usual systems used in SERS, the silver NCs synthesized in this study have a small diameter (5.9 nm  0.3 nm). They are capped with dodecanethiol to prevent their coalescence and oxidation [37, 38] . This ligand can also be used as a vibrational probe. Because of their very narrow size distribution, these silver NCs self-organize in fcc superlattices onto very large distances (several micrometers) [39] [40] [41] . Thus, these superlattices could be studied individually under an optical microscope. We describe below the formation and characterization of the supracrystals and their optical and SERS properties.
Synthesis and self-organization
For obtaining long-range organizations, it is crucial to obtain size distribution below 10% [40, 42] . For that, we relied onto a novel synthesis method published recently by some of us [37, 43] . We thus obtained large quantities of dodecanethiol-coated silver NCs that can be subsequently redispersed in hexane or toluene. Each NCs synthesis was characterized by transmission electron microscopy (TEM), and a typical image is presented in Fig. 1 . In this work, size distribution histograms (cf. Fig. 1(b) ) performed onto a collection of at least 500 NCs displayed a standard deviation of less than 6%. In agreement with literature, these NCs Nano Res. 2015, 8(5): 1615-1626 absorb light and present a localized surface plasmon resonance (LSPR) centered at 420 nm in colloidal suspensions [37] .
Several methods were used to produce superlattices from one monolayer up to thick supracrystals. A graphical illustration of these methods is provided in Fig. S1 . The substrates were made by evaporating 10 nm of carbon by sputtering on glass microscope slides. In the first approach, a droplet of 2 × 10 -3 mol·L -1
(in silver atoms) toluene solution was directly casted on the substrate [42] . In the second approach, we deposited a 20 μL hexane droplet (also 2 × 10 -3 mol·L -1 ) on top of ethylene-or diethyleneglycol [44] that act as bad solvents for the NCs and induce their selforganization at the interface. After 30 min, the film was transferred onto the glass slide. The third approach, was the so-called "immersion method" [40] . The substrate was placed on the botton of a glass beaker. Then, 200 L of the Ag NCs solution at 10 -3 mol·L -1 (in silver atoms) was added and the solution was left to evaporate under a nitrogen flux overnight. The substrate temperature was controlled and could vary between 25 °C and 50 °C . Each sample was imaged by field emission gun scanning electron microscopy (FEG-SEM) to check the local organization and by atomic force microscopy (AFM) to determine h supra . For multilayers, small angle X-ray diffraction (SAXRD) was also performed in order to confirm the fcc arrangement of the NCs assemblies in agreement with previous studies (see Fig. S2 ) [41] . The edge-edge distance between the silver cores of two NCs was thus determined from d (111) spacing as 1.9 nm  0.2 nm, slightly larger than the dodecanethiol molecular length [45] . Of major importance, this value was independent of the method used for sample preparation. The FEG-SEM image displayed in Fig. 2(a) is a representative example of a 1 μm large supracrystal attesting a nearly perfect organization. In all cases, we could easily identify superlattices with lateral dimensions larger than 1 μm. Additional images of superlattices obtained with different deposition methods are displayed in Fig. S3 . For optical measurements (see below), we chose superlattices ranging over at least 3 μm, therefore larger than the surface analyzed in optical and micro Raman measurements. In addition, we measured h supra for many supracrystals and for each deposition methods by AFM. Onto each supracrystal, a height histogram confirmed that h supra was very homogeneous since variations around only one monolayer were observed. Various organizations and height distributions are represented in Figs. 2(c) and S4. Depending on the deposition method, different ranges of h supra , from 9 to 350 nm could be obtained. They can be converted in a number of NCs layers relying on Eq. (1) [46] :
where D NC is the NC diameter (metallic core, here 5.9 nm), N layer is the number of layers and d NC-NC (1.9 nm) is the minimal edge-edge distance between two NCs deduced from SAXRD measurements. We hence deduced that we could span a large range of h supra from 1 up to 54 layers 1 .
1 It is noticeable that the height of one NCs monolayer deposited on a solid substrate has been already estimated by AFM measurements combined with SEM and corresponded to the average diameter of the NCs metallic core (Ref. [42] ). The slightly superior value obtained here for a monolayer is still acceptable. It may be due either to different packing of the ligands on the substrate and/or different imaging conditions and larger surface roughness of our glass substrates. 
Optical properties
Following these careful sample preparations, we established a set-up for measuring both the optical and Raman properties of individual supracrystals in the visible range at the same position. Our strategy is similar to the one reported by Murray to study optical properties of binary thin superlattices [44] . To the best of our knowledge, such an approach has never been reported so far onto individual thick superlattices. Indeed, at present, only macroscopic optical properties for many superlattices present in a millimetric spot were measured by Taleb et al. [36] . Nevertheless, since physical and more specifically optical properties of NCs ensembles differ from the one of an isolated system [47] [48] [49] , it is then extremely important to discriminate between differences (shift and broadening, see below) that arise from a perfect organization inside a single supracrystal or from inhomogeneities that are necessarily present if the beam light encompasses many supracrystals. This step is necessary for further use of plasmonic properties of supracrystals in applied devices.
To do so, we took advantage of the confocal microscope of our Raman spectrometer as depicted in supplementary information. For reflectance measurements, we used an optical fiber to introduce white light on the side of the microscope and borrowed the optical path usually used for Raman spectroscopy. We used a 100 objective with a 300 μm confocal hole, thus analyzing an area of 3 μm diameter. In this set up, the sensitivity of our CCD allowed spanning a wavelength range from 450 to 800 nm. In this way, the wavelength dependence of the light emitted and the CCD sensitivity were directly taken into account. During these acquisitions, the notch filter of the Raman spectrometer was not removed to keep all settings identical during optical and Raman measurements (see below). A reference spectrum was acquired onto aluminum since this metal displays an almost constant reflectivity (0.9) in the visible range [50] . The reflectance spectrum R was thus determined by
Figure 3(a) presents typical reflectance spectra In order to measure the transmittance T, a similar procedure was performed excepted that the substrate was enlighten from below so that T is given by
where I ref is obtained here by monitoring the light transmitted at a place where no NCs were deposited.
Interestingly, Fig. 3(b) revealed that for  > 550 nm, transmittance raised importantly up to values that could be higher than 0.6, which may be interesting to conceive in the future new transparent electrodes [51, 52] . Accordingly, the local absorbance spectra (see Fig. 3(c) ) were calculated using Eq. (4):
We applied this methodology to a large range of h supra determined by AFM, and observed a clear evolution of the spectra. All absorbance curves were compiled in a 3D representation displayed in Fig. 4 . First, it was noticeable that at short wavelengths the absorbance became almost constant for large h supra . Second, owing to the interparticle plasmon coupling, A() increased and the LSPR band broadened when the number of layers increased [3, 53] .
The great homogeneity of our systems stimulated a more indepth interpretation of the spectra in order to identify the physical parameters that influence the spectral properties of our assemblies. All layers including the glass modified with carbon substrate and also the air needed to be considered in addition Nano
to the supracrystal film. To this respect, Tomlin determined analytically R, T and A for multilayer films having different dielectric properties [54] . The corresponding formulas are reported in supplementary information.
Following Tomlin, the optical indexes of both the substrate (n 2 -ik 2 ) and the supracrystal (n 1 -ik 1 ) are required. They are related to their dielectric constants,
where   are respectively the real and imaginary components of the dielectric constants for both media.
For the supracrystal, n 1 -ik 1 is however unknown and should be estimated. For that, we relied on the Maxwell-Garnett theory. This is translated into
where  m and  NC are the dielectric constants of the surrounding medium and the NC respectively. q is the volumic fraction occupied by the NCs. This model is available for q < 0.5 which is the case here. Indeed, for 5.9 nm diameter NCs coated with dodecanethiol in a perfectly ordered fcc supracrystal, we obtained q = 0.31.  NC was then evaluated following a corrected Drude model according to Eq. (7):
where  b (= 4.32 eV) is the polarisability induced by d electrons and  p (= 8.76 eV) is the plasmon frequency. These values were derived from a fit of the experimental data for bulk silver [55] .  is the mean electron collision time which changes with the size of the NC according to Eq. (8):
where,  0 and f v refer to collision time and Fermi velocity for bulk silver, R NC is the NC radius and  a correction factor accounting for sulfur adsorption at the surface of the NCs [24, 56] . In Fig. 5 , the simulated absorbance reproduces qualitatively well the experimental observations, underlining that even this simple formulation tracked the physics of the system. The parameters ascribed in the simulation were q = 0.31, Γ = 1.5 and  m = 2.16 for dodecanethiol. In the ESM (see Fig. S7 ), we also present three fits of the experimental spectra but for which Γ and  m were allowed to vary. For thick films (high h supra ), we observed that Eqs. (5)- (8) reproduced correctly the experimental optical spectra using a  m values of about 2.4 ± 0.3, thus very close to that for dodecanethiol. For low h supra , we could also reproduce the experimental data, but with a larger range of  m values. This apparent deviation of  m may stem from the necessity to correct the Maxwell-Garnett formulation for thin films [57] . In addition, in this model, NCs interactions were in fact taken into account only through the volume fraction q (Eq. (6)). Further theoretical investigations incorporating specific chemical effects and NCs plasmon crystals coupling in an fcc lattice will be performed in the future in order to explain this variation of apparent effective dielectric constant [3, 24, 56] .
Noticeably, an oscillatory behavior was not observed in the experiments because of experimental uncertainties appeared in the simulation. We checked that it was in fact solely due to multiple reflections that produced interferences in the film. Last, but not least, the model explained the larger bandwidth observed for higher h supra which was therefore not ascribed to defects inducing a broader distribution of interparticle distances within the superlattice.
In summary, the superlattices presented here display unique properties and open an avenue for a novel class of tunable plasmonic devices. Additional observations furthermore evidenced that their optical properties are identical on the whole surface of each superlattice, which is consistent with a uniform h supra measured by AFM. Furthermore, for facetted supracrystals, we did not detect any dependence on the polarization orientation towards the facet. Our objects are thus much different from observations with facetted bulk silver and gold large nanoparticles that displayed a dependence with polarization and position of the excitation onto the object [9, 58, 59] . Their easy understandable behavior together with their reproducibility represent a great advantage for their integration in optically active devices.
SERS properties of silver NCs superlattices
In direct connection with optical measurements we analyzed the SERS spectra obtained with laser excitation wavelengths of 514 and 633 nm on exactly the same individual supracrystals than in the previous section. These wavelengths are included in the LSPR band of the silver NCs superlattices (see Fig. 3 ). Several spectra corresponding to different h supra are displayed in Fig. 6 . Here, the vibrational signature of the dodecanethiolate ligands adsorbed on the NCs surface were clearly observed (see Fig. 6 and table S1) [60, 61] . It is noticeable that though the cross section of this molecule is well known to be rather weak, Raman spectra were obtained with relatively low power excitations and integration times (respectively 20 to 70 μW depending on the laser and 300 s).
A reference spectrum obtained for a sodium thiolate powder is displayed in Fig. S8 . Band assignment is given in Table S1 . On the silver superlattices, the trans C-S stretching mode at  t = 700 cm -1 is observed. The reference displayed this mode at  t = 741 cm -1 . This shift upon adsorption was in agreement with Ref. [60] .
Also, as reported earlier [61] , (S-H) was missing since thiols lost their protons upon adsorption via the sulfur atom onto the metal surface. Moreover, the C-S mode was much more amplified than the C-H vibrational modes ( sym ,  asym and Fermi resonance) present between 2,850 and 2,950 cm -1 [60] . This can be rationalized considering that the C-S bond is closer to the metallic cores and then positioned in an environment where the electric field is maximum [62] . Since this band was very well-defined and corresponded to a single mode, we refined the analysis and recorded its intensity for all superlattices and for both laser excitation wavelengths. In Fig. 6 , we noted that  t (C-S) increased with h supra , but reached saturation in the range 100-150 nm at 514 nm whereas a continuous increase was observed at 633 nm. This was in agreement with optical measurements for which absorbance was higher at short wavelengths (see Fig. 3 ). Moreover, in the spectra, the broad signal near 1,500 cm -1 corresponding to amorphous carbon lying beneath the supracrystal decreased and then disappeared at 514 nm whereas it was always present at 633 nm. In order to be more quantitative, we extracted the absorbances at 514 and 633 nm from Figs. 4 and 5. They are presented in Fig. 7 .
Accordingly, at 514 nm a plateau is reached near 115 nm whereas at 633 nm absorbance is still increasing even for the thickest supracrystals (around 350 nm) considered in this study.
Therefore, both Raman and optical measurements agreed that the green laser probed distances equal or smaller than 115 nm, whereas the red one probed the whole sample. By comparison with the spectrum of dodecanethiolate powder, enhancement factors could then be determined [63] . With the 514 nm laser, we considered the maximum analyzed depth of 115 nm to correspond to 17 layers. Each NC was estimated to be capped by around 690 thiols [37] . With a laser spot area of 1 μm 2 , we estimated that 1.10 7 dodecanethiolate molecules were probed for each layer. Figure 8 shows the calculated enhancements factors for both wavelengths and for exactly the same supracystals and the same position inside each supracrystal for which optical measurements were performed.
Detection was easier in thicker superlattices because more molecules were probed, but it was achieved without difficulty only for one monolayer. Enhancement factors did not vary much with h supra . They were about 3 × 10 4 at 514 nm and 1 × 10 4 at 633 nm which was consistent with a smaller absorbance at 633 nm. Nevertheless, it was indeed particularly noticeable to obtain such large values for this aliphatic system and NCs that were much smaller than the ones usually used in SERS. This extreme sensitivity resulted from the large number of hot spots filled by dodecanethiolates in the silver superlattices. At the surface of an fcc supracrystal, we calculated a hot spot density of 5.8 × 10 16 m -2 , which corresponded to 5.8 × 10 4 hot spots for a laser beam area of 1 μm 2 .
To better emphasize the very good detection achieved at the surface of the superlattices, we replaced some of the alkyl ligands with thiophenol, a reference molecule in SERS studies [16, 18, 64] . For that, we left a sample covered with thick supracrystals in a 10 μM thiophenol solution in acetonitrile for 90 min. Because acetonitrile is a poor solvent for the NCs, it cannot dissolve the silver supracrystals. The sample was then left for in neat acetonitrile 150 min in order to remove free and physisorbed thiophenol. The corresponding SERS spectra (spectra (i) and (ii) obtained for both laser excitation wavelengths 514 and 633 nm) are represented in Fig. 9 . They revealed the presence of dodecanethiolate and thiophenol in agreement with the SERS spectra of the pure compounds ( Fig. S8 and Fig. 9 spectrum (iii) ). In literature, the maximum coverage for thiophenol on Ag(111) has been estimated to 0.544 nmol·cm -2 [65] . Obviously in our experiment the coverage was much smaller but still could not be estimated. Hence only a minimum enhancement factor can be deduced. We considered the 1,571 cm -1 band corresponding to the C-C symmetric stretching vibrational mode which is well-defined and does not appear in the dodecanethiolate spectrum (see Table S1 ). We then deduced a minimal enhancement of 4 × 10 6 . It was however probably much higher and will be more precisely evaluated in a future study.
The very facile detection of thiophenol paved the way for further ultrasensitive SERS detection and showed that highly ordered 3D NCs superlattices can be used as a SERS platform with high reproducibility and sensitivity.
Conclusions
We developed in this work new substrates that are of great interest for future optical and SERS applications. They are based on large scale and well-ordered 5.9 nm diameter silver nanocrystals superlattices. First, the substrate preparation allowed to tune the supracrystal height from 9 to 350 nm, thus from 1 to 54 layers. Second, we elaborated a set-up for measuring easily optical properties of individual supracrystals. This method does not require sophisticated SNOM techniques because the supracrystals were smooth enough. The absorbance spectra of the silver supracrystals could be well reproduced using a Maxwell-Garnett approach. As these superlattices are conductive and relatively transparent in the red region, they could represent a new generation of electrodes adapted for mechanistic studies [51, 52, [66] [67] [68] [69] . The developed methodology may be applied to other metamaterials including other metals or alloys [44, 70] , binary assemblies of NCs or organic matrices. The measurements would benefit from further theoretical investigations to calculate the local enhancement of the electric field at different positions inside or above the superlattices.
Finally, these fabricated superlattices with dimensions of several micrometers exhibited for the first time high and reproducible SERS activity of their capping ligands or small amount of thiophenol. These substrates are very different from other SERS-active systems which usually resort from NPs of much larger sizes [71] . As the ligands may be easily exchanged by functional molecules, these substrate may open unprecedented analytical possibilities for ultrasensitive SERS. Because of the small NCs size, the supracrystal surfaces are smooth and provide a higher density of hot spots leading to a potential better detection. In future work, we will describe SERS measurements onto functional molecules and also take advantage of the conduction properties of these appealing metamaterials. 
